Bacillus subtilis can grow over several log units of environmental pH while maintaining cytoplasmic pH within a relatively narrow range that preserves protein and nucleic acid stability (19, 50, 55a) . Environmental pH is important for the pathogenesis of related Bacillus species, such as the food-borne pathogen Bacillus cereus, which encounters acidic environments in the gastrointestinal tract and in food products where organic acids are used as preservatives (9, 64) . B. cereus shows an acid tolerance response in which vegetative growth in a moderate acid induces proteins that enable survival under extreme acid conditions (64) . In Bacillus anthracis, the lethal factor toxin undergoes a low-pH-driven structural change as it passes through acidic vesicles, which allows it to translocate into the cytosol (45) . The Bacillus thuringiensis toxin is activated by alkaline pH upon entering the midgut of insect larvae (13) , and bacterial growth is inhibited by acids (46) .
Cytoplasmic pH homeostasis has been studied extensively in B. subtilis, which maintains cytoplasmic pH within approximately pH 7.3 to pH 7.6 during vegetative growth over a range of environmental pH, from pH 6.0 to pH 9.0 (14, 50, 55a) . At high external pH, cytoplasmic pH homeostasis involves Na ϩ /H ϩ antiporters as well as other Na ϩ transport components (14, 26, 50, 67, 68) . Low pH triggers spore germination and initiation of vegetative growth (35) . Maintenance of pH homeostasis in neutralophiles involves a variety of constitutive and regulated mechanisms, which have been studied most extensively in Escherichia coli (24, 56, 57, 70) . A model explaining much of the E. coli pH-responsive transcriptome is that low external pH favors pathways that consume acids and generate basic amines, whereas high external pH favors metabolism-generating acids in the cytoplasm. E. coli upregulates amino acid decarboxylases, periplasmic chaperones, redox modulators, chemotaxis, and drug transporters (28, 31, 44, 60, 65) , whereas exposure to high pH upregulates deaminases that generate acids, ATP synthase, and the microaerophilic cytochrome d oxidoreductase (7, 60) .
We sought to test the model described above for pH-responsive metabolism in B. subtilis. While B. subtilis grows over a range of pH values similar to that of E. coli, the mechanisms B. subtilis employs in order to maintain pH homeostasis are not as well characterized and show important differences. Relatively few systems are known to be upregulated by acid; acid shock does induce components of the SigB environmental and energy stress regulon (38) . Base shifting in B. subtilis is known to upregulate several systems, including the w antibiotic resistance regulon (10, 69) , the SigH sporulation regulon (17, 30) , and the srf operon encoding surfactin synthetase and the competence regulator ComS (16) . Spore germination is enhanced at high pH and inhibited by acids (73) .
To investigate acid and base stress responses, we used DNA arrays to compare transcription profiles of B. subtilis during growth at low, neutral, and high pH. While a previous tran-scriptomic study addressed cultures following rapid alkalization (69) , ours is the first to address B. subtilis during log-phase vegetative growth in acidic and basic conditions and at neutral pH.
MATERIALS AND METHODS
Acid and base shift growth curves. B. subtilis AG174 (obtained from Alan Grossman) was cultured overnight in potassium-modified Luria broth (LBK; 10 g of tryptone/liter, 5 g of yeast extract/liter, 7.45 g of KCl/liter) buffered with 50 mM homopiperazine-N,N-bis-2-(ethanesulfonic acid) (HOMOPIPES; a dibasic acid; pK a , 4.55 and 8.12), adjusted to pH 8.5. Bacteria were diluted 500-fold in pH 6.0 LBK (50 mM HOMOPIPES) or 100-fold in pH 8.5 LBK (50 mM HOMOPIPES) and incubated with aeration (260 rpm) at 37°C. Bacteria cultured at pH 6 or at pH 8.5 were incubated until an optical density at 600 nm (OD 600 ) of 0.3 and then diluted 10-fold into a prewarmed flask containing buffered LBK either at pH 8.5 or at pH 6.0 (50 mM HOMOPIPES), respectively. Dilutions were cultured for 2.5 h. For each condition, three biological replicates were tested.
Extreme acid and base resistance. B. subtilis AG174 was tested for induction of extreme acid resistance by growth in a moderate acid. Cultures were grown from a colony inoculated in LBK medium buffered with HOMOPIPES (100 mM) at pH 7 and incubated overnight at 37°C for 16 h. The overnight culture was diluted 100-fold in LBK medium buffered with 50 mM HOMOPIPES, either at pH 7.0 or at pH 6.0. Bacteria were cultured until an OD 600 of 0.3. The cultures were diluted 200-fold in LBK adjusted to pH 4.5 and incubated for 2 h at 37°C. Serial dilutions were plated on LBK and compared to plated dilutions of the original culture in medium at pH 7. Six plates from six independent cultures were scored for each condition. Error values represent the standard error of the mean (SEM) (n ϭ 6).
B. subtilis AG174 was tested for induction of extreme base resistance by growth in a moderate base. Cultures were grown from a colony inoculated in LBK medium buffered with HOMOPIPES (100 mM) at pH 7 and incubated overnight at 37°C for 16 h. The overnight culture was diluted 100-fold in LBK buffered with 50 mM HOMOPIPES at pH 7.0 or at pH 9.0. Bacteria were cultured until an OD 600 of 0.3. The cultures were diluted 200-fold in LBK adjusted to pH 10 and incubated for 2 h at 37°C. Serial dilutions were plated on LBK and compared to plated dilutions of the original culture in medium at pH 7. Six plates from six independent cultures were scored for each condition. Error values represent the SEM (n ϭ 6).
cDNA preparation and array hybridization. B. subtilis strain AG174 was cultured overnight at 37°C in unbuffered LBK. Bacteria were diluted 500-fold in a 125-ml baffled flask containing 12 ml of LBK buffered with 50 mM HOMOPIPES. The pH of the medium was adjusted using KOH to pH 6.0, 7.0, or 9.0. In order to maximize aeration and maintain logarithmic growth, cultures were rotated at 240 rpm at 37°C. For each pH, five biological replicate cultures were performed. Cultures were incubated to an OD 600 of 0.2. The pH was tested after growth to ensure that the values were maintained at Ϯ0.2 pH units of the pH of the original uninoculated medium. Samples were transferred to vials containing 1 ml of ice-cold 10% phenol-ethanol stop solution (6, 36) in order to stabilize the bacterial RNA. RNA was isolated as described previously (31, 36, 44) using the RNeasy kit with on-column DNA digestion (Qiagen). The RNA isolation protocol for gram-positive microorganisms was followed, in which 3 mg/ml of lysozyme is used to degrade the bacterial cell wall. The quality of the isolated RNA was examined using the Agilent Bioanalyzer 2100.
Standard methods were used for cDNA synthesis, fragmentation, and endterminus biotin labeling (31, 44) . Labeled cDNA samples were hybridized to Affymetrix GeneChip B. subtilis antisense genome arrays (20) . Hybridized arrays were stained with streptavidin-phycoerythrin using the Affymetrix fluidic station 450. After staining, arrays were scanned with a GC3000 scanner.
Analysis of gene expression. The GeneChip B. subtilis arrays include 4,351 probe sets that covered 4,095 protein-encoding open reading frames (ORFs) (approximately total complete genomic coverage) as well as 606 probe sets covering intergenic regions annotated to the RefSeq genome sequence, NC_000964. Duplicate probes for pH-dependent ORFs are included in Table  S1A in the supplemental material (all probes show significant pH effects on expression). The intergenic regions showing pH-dependent expression are tabulated in Table S1B in the supplemental material.
To determine which probes showed pH-dependent expression ratios, a modelbased expression analysis was performed on the probe-level data from Affymetrix's CEL files using dChip software (31, 44) . The model relates target RNA levels to the probe signals by a linear function that weights the significance of all oligonucleotide probes for each gene. The data from different arrays were normalized and rescaled for comparison. Each array was normalized to a baseline array from a pH 7 culture, using local regression on an invariant set of probes (54) . Model-based expression indices were calculated for each gene on each array using only the perfect match probes.
For each of the three pH conditions, the data set included five biological replicates (independent with respect to B. subtilis growth, RNA isolation, sample preparation, and array hybridization). Global relationships among arrays were visualized by performing a principal components analysis (31, 44) on the expression data and plotting arrays in two-dimensional space corresponding to the first two principal components. To test for significant differences in expression between the pH classes, Statistical Analysis Software (SAS) was used to perform a one-way analysis of variance (ANOVA) on the log 2 -transformed model-based expression indices, on a gene-by-gene basis, at a significance level of 0.001 (31, 44) . Assuming a gene with average within-group variability, our sample size (five replicates for each of three conditions; 4,351 probe sets) provided a statistical power of 98% to detect a twofold difference in gene expression among pH groups. For each gene, pair-wise contrasts of pH classes were conducted using Tukey's multiple comparisons procedure to control the family-wise error rate at 0.001.
Real-time quantitative reverse transcription-PCR. Expression of mRNA for individual genes was quantified by real-time PCR using an ABI Prism 7500 DNA analyzer (Applied Biosystems) as described in reference 36. For each growth condition, three independent biological replicate cultures were tested. Primer Express Software v2.0 (Applied Biosystems) was used for primer design. The primers chosen amplified 50 to 70 bp segments of the target genes (see Table S2 in the supplemental material). The SYBR Green PCR one-step reverse transcription-PCR protocol (Applied Biosystems) was used, in which cDNA reverse transcription and PCR amplification occur in the same well. Nucleic acid concentrations were as follows: 0.1 nM forward primer, 0.1 nM reverse primer, and 50 ng target RNA. PCR cycling conditions were as follows: reverse transcription at 48°C for 30 min and 95°C for 10 min, 40 cycles of denaturation at 92°C for 15 s, and extension at 60°C for 1 min. For detection of primer dimerization or other artifacts of amplification, a dissociation curve was run immediately after completion of the real-time PCR. Individual gene expression profiles were normalized based on measurement of the original RNA sample amplified. All expression levels are presented relative to the expression at pH 7.0.
RESULTS
Growth response to pH shift. B. subtilis shows a lag in growth following a rapid pH increase (69) , but its response to rapid acidification has not been reported. B. subtilis was cultured to early log phase at pH 8.5 or at pH 6.0, at which time the cultures were diluted into LBK buffered at pH 6.0 or at pH 8.5 ( Fig. 1) . Before dilution, the initial doubling times of the cultures at pH 8.5 and pH 6.0 were 42 min and 18 min, respectively. When the pH 8.5 cultures were transferred into pH 6.0 medium, there was a short lag in growth rate (Ͻ20 min). However, cultures that were transferred from pH 6.0 to pH 8.5 exhibited growth arrest for a period of several hours.
A similar lag in growth was observed when cultures were shifted from pH 7.4 to pH 8.8, although there was no lag when pH 6.0 cultures were shifted to pH 7.4 ( Fig. 2) . In order to control for the effect of the dilution on cell growth, cultures at pH 6.0, pH 7.4, and pH 8.5 were diluted into medium adjusted to the pH of the initial culture. There was no evidence that the dilutions without pH change significantly affected the growth rate of either the pH 6.0 or pH 7.4 cultures. Overall, B. subtilis responded to pH changes in a highly asymmetric manner: acid stress required much briefer adaptation than did base stress.
Extreme acid survival and extreme base survival. In Escherichia coli and other species, growth in a moderate acid or base enables the cell to survive under extreme acidic or basic conditions, respectively (24, 58) . B. subtilis was tested for similar pH-dependent induction of acid resistance or base resistance.
To maintain vegetative growth, cells were harvested in early log phase. For acid adaptation, B. subtilis was cultured at pH 6.0 to an OD 600 of 0.2, and then the cultures were diluted into medium at pH 4.5. Log-phase cells grown at pH 6.0 showed 60 to 100% survival after 2 h of exposure at pH 4.5, whereas cells grown at pH 7.0 showed 5 to 15% survival. Thus, growth in moderate acid induced systems that increase survival in extreme acid.
For base resistance, B. subtilis was cultured at pH 9.0 to an OD 600 of 0.2, and then cultures were diluted at pH 10.0. Logphase cells grown at pH 9.0 showed 40 to 100% survival after 2 h at pH 10, whereas cells grown at pH 7.0 showed 1 to 5% survival. Thus, growth in a moderate base induced systems that increase survival in an extreme base.
Transcriptomic response to pH stress. Previously, genetic responses to rapid pH shift have been reported (38, 69) , but the global transcriptomic expression ratios during steady-state growth at different pH values have not been assessed. We observed differential gene expression as a function of pH for cultures following several generations of vegetative growth. B. subtilis was cultured to early log phase in buffered LBK adjusted to one of three pH values (pH 6.0, pH 7.0, and pH 9.0), a range of pHs in which cultures maintained consistent doubling times. The doubling time for pH 7.0 and pH 6.0 cultures was approximately 16 min, while the doubling time at pH 9.0 was 23 min. The cultures were grown to early log phase (OD 600 ϭ 0.2), and growth was logarithmic throughout this period.
Analysis of expression ratios. The cDNA from five independent cultures of each pH condition was hybridized to Affymetrix antisense B. subtilis arrays. Array data were deposited at the NCBI Gene Expression Omnibus (accession no. GSE11810). Global relationships among arrays were visualized by performing a principal components analysis on the expression data (Fig. 3) . The array comparisons were plotted in two-dimensional space, corresponding to the first and second principal components of variation (44) . The principal components of the array hybridizations from each of the three pH conditions fell into distinct groups. Within-class differences were small relative to differences among classes defined by growth pH.
To assess the statistical significance of individual gene expression ratios, we conducted a gene-by-gene ANOVA with Tukey's correction for false positives in a large data set. The expression indices for each gene among the three pH groups FIG. 1. Acid and base shift growth curves. B. subtilis strain AG174 cultures grown overnight in unbuffered LBK were diluted 500-fold and grown at 37°C in LBK (50 mM HOMOPIPES) adjusted to pH 6.0 (F) or pH 8.5 (E) until an OD 600 of 0.3. The culture at pH 6.0 was then diluted 10-fold into medium at pH 6.0 (F) and at pH 8.5 (). The original culture at pH 8.5 was diluted 10-fold into medium at pH 8.5 (E) and at pH 6.0 (ƒ). Diluted cultures were incubated for 2.5 h. The average of three biological replicates is shown for each condition. Error bars represent SEM.
FIG. 2.
Neutral and base shift growth curves. B. subtilis strain AG174 overnight cultures in unbuffered LBK were diluted 500-fold into LBK buffered at pH 6.0 (F) and at pH 7.4 (E) and cultured until an OD 600 of 0.3. The culture at pH 6.0 was then diluted 10-fold into medium at pH 7.4 () and pH 6.0 (F). The culture at pH 7.4 was diluted 10-fold into medium at pH 8.8 (ƒ) and pH 7.4 (E). Diluted cultures were incubated for 2.5 h. The average of three biological replicates is shown; error bars represent the SEM. were compared using a one-way ANOVA at a significance level of 0.001. This means that approximately one false positive would be expected per 1,000 genes tested. Expression ratios were determined for all pairs of pH classes (pH 6.0/pH 7.0; pH 6.0/pH 9.0; pH 7.0/pH 9.0). Throughout our report, the three classes of expression ratios are presented using the quotient "acid/base," so that the log 2 value of the ratio is positive for expression increased at lower pH (decreased at higher pH) and negative for expression increased at higher pH (decreased at lower pH). Values presented are significant based on Tukey's test (P Յ 0.001) (see Table S1A in the supplemental material).
Of the approximately 4,095 known ORFs in B. subtilis, 289 showed expression ratios of twofold or greater (log 2 ratio, Ն1) for one or more comparisons with decreasing pH (pH 6.0/pH 7.0, pH 7.0/pH 9.0, or pH 6.0/pH 9.0). Another 425 genes showed expression ratios of twofold or greater in the alkaline direction. All genes showing a significant expression ratio for one or more of the three pH comparisons are included in Table S1A in the supplemental material. Table S1B in the supplemental material presents probes from intergenic regions showing significant pH-dependent transcription (214 intergenic probe sets out of 606 on the array).
In the text (Table 1) , we present the most strongly pHdependent genes: those upregulated at least fourfold in acid or downregulated in base (pH 6.0 versus pH 9.0). The genes most strongly downregulated in acids or upregulated in bases are presented in Table 2 . Tables 1 and 2 include only the promoter-proximal probe for each ORF, where duplicates were present on the GeneChip array. For eight genes of interest, expression ratios were confirmed using real-time PCR (Fig. 4) . All genes tested by PCR showed expression ratios consistent with those observed in the arrays.
Catabolism and respiration. In E. coli and other bacteria, pH regulates catabolism and respiration to consume acids at low pH and produce acids at high pH (44, 48, 57) . We sought to determine whether a similar pattern of metabolism appears in B. subtilis. Table 3 summarizes enzymes involved in catabolism or respiration that showed pH-dependent expression ratios of twofold or greater (pH 6.0 versus pH 9.0). Growth at pH 6 upregulated acetoin production (alsDS), a pathway known to shunt fermentation into neutral products, minimizing acid production (1, 32, 37, 55) . Upregulation of alsSD at low external pH was confirmed by real-time PCR (Fig. 4) . Acid also upregulated a large number of NAD(P)-dependent dehydrogenases: alcohol dehydrogenase (adhA), alanine dehydrogenase (ald), succinate-semialdehyde dehydrogenase (gabD), and several putative formate dehydrogenases (fdhD, yjgC, yrhE, and yrhG). These enzymes are capable of removing acidity through NAD(P)H which transfers electrons to the electron transport system (ETS) and pumps protons out of the cell. In addition, acid upregulated phosphatidylserine decarboxylase (psd) and arginine decarboxylase (speA) as well as decarboxylase homologs (gcvPA and maeA). In other organisms, CO 2 production removes acid from the cytoplasm (48, 57) .
High external pH upregulated the entire roc operon (Tables  2 and 3 ), which encodes enzymes that are part of a three-step arginase pathway responsible for converting arginine to glutamic acid and trichloroacetic acids (2, 11) . Confirmed by realtime PCR, the upregulation of rocA at high pH was over 200-fold (Fig. 4) . High pH also upregulated gltAB (Table 2) , which encodes glutamate synthase (5). Several enzymes that could generate acids were upregulated, including L-lactate dehydrogenase (ldh), myo-inositol catabolism (icd), and sugar chain catabolism (amyX, bglS, and fruAB).
High pH upregulated several membrane-bound complexes involved in electron transport and proton transfer across the membrane. The cytochrome d oxidase subunits (cydABCD) (39, 71) were among the most highly base-dependent genes (Table 2) , and all upregulated greater than 16-fold (log 2 values, Ͼ4), confirmed by real-time PCR (Fig. 4) . The cytochrome c oxidase genes (ctaACE) (53) were upregulated in bases to a lesser extent, less than twofold in most cases (see Table S1 in the supplemental material). The cytochrome d complex, with greater oxygen affinity, minimizes proton trans- Table 2) . Oxidative stress and metal transport. In E. coli, several acid stress genes overlap with those involved in oxidative stress (44).
In B. subtilis, 87 genes that are known to be induced by oxidative stress were pH dependent, and 75% of those genes were upregulated in acidic conditions compared to those in both pH 7 and pH 9 (see Table S1 in the supplemental material). For example, the genes katA and namA (yqjM) were highly upregu- (25), which protects the cell from oxidative stress by catalyzing the decomposition of hydrogen peroxide to water and oxygen. The gene namA encodes an antioxidant enzyme of the "old yellow enzyme" (OYE) family, induced by oxidative stress (23) . Low pH increases the solubility of various metals, allowing those metals to cross the bacterial membrane and resulting in undesirable redox reactions (27, 34, 66) . The metal transporters cadA and czcDO were strongly induced by acids ( Table 2 ). The gene cadA encodes a cpx-type ATPase, which exports toxic metals such as Cd(II), Zn(II), and Co(II) (27, 59) , and the czcDO operon encodes an antiporter that exchanges heavy metals for K ϩ (47). Transport of inorganic ions and polyamines. The protontranslocating ATP synthase operon showed many genes upregulated in basic conditions; although the amount of increase was less than twofold, the values were significant and observed for virtually the entire operon (see Table S1A in the supplemental material). High-pH upregulation of ATPase has been shown for several other species (see Discussion).
In many bacteria, pH homeostasis depends on ion transport, particularly Na ϩ and K ϩ . In B. subtilis, at high pH, pH homeostasis involves cation/proton antiporters (50) . These antiporters allow for the acidification of the cytoplasm by exchanging cations such as Na ϩ and K ϩ for protons. After alkaline shock, B. subtilis induces the K ϩ /H ϩ antiporter yhaTU (26, 69) . In our arrays, yhaTU showed similar upregulation during logphase growth at pH 9.0 (Table 2) . Another mediator of Na ϩ flux is tetL, whose deletion decreases alkaline tolerance (14, 68) . Mutants containing the tetL deletion repress maeN (62) , which encodes a sodium-coupled malate transporter (68) . We found maeN strongly upregulated in acids and downregulated in bases.
Another source of base stress in E. coli is that polyamines can be deprotonated (neutralized) at high pH, enabling them to cross the cytoplasmic membrane as permeant weak bases, which results in growth inhibition (74) . Thus, at high external pH, the upregulation of polyamine efflux pumps decreases polyamine toxicity. In B. subtilis, the export of spermine and spermidine is initiated by polyamine acetylation (72) . We found the spermine/spermidine transporter and acetyltransferase (blt and bltD) to be upregulated strongly at high pH (Table 2) . Stress regulons. Several global regulons governed by alternate sigma factors showed pH dependence. The general stress regulon SigB (51) is known to be induced after a mild acid shock (38) . In our arrays, we found that 61% of the genes under SigB regulation were pH dependent but that various genes showed divergent regulation by acidic or basic conditions (see Table S1C in the supplemental material).
Base shock is known to induce the SigW extracytoplasmic function regulon, controlling functions involving the secretion or uptake of macromolecules or ions (33, 69) . The SigW regulon is activated by proteolytic destruction of the membranebound anti-SigW in response to antimicrobial peptides and other agents that damage the cell envelope (22) . We found the SigW regulon to be upregulated during steady-state log-phase growth at pH 9.0 compared to that at low pH (see Table S1D in the supplemental material).
Components of the SigH (17) and SigL (15) regulons showed increasing expression at higher pH (see Table S1E in the supplemental material). SigH is essential for sporulation (30) and is known to be downregulated by acids (17, 41) . On the other hand, acid upregulated the SigX regulon, which responds to extracytoplasmic stress, conferring resistance to positively charged antimicrobial peptides (12) . Several other sigma regulons (SigF, -G, -M, and -Y) showed no consistent pattern of pH response.
The transcriptional regulator Fnr is an integral part of the
Real-time PCR expression ratios of selected genes as a function of external pH. B. subtilis strain AG174 overnight cultures in unbuffered LBK were diluted 500-fold into LBK buffered with 50 mM HOMOPIPES at pH 6.0, at pH 7.0, and at pH 9.0. RNA was isolated, and mRNA expression for individual genes was quantified by real-time PCR using an ABI Prism 7500 DNA analyzer (Applied Biosystems) with SYBR Green one-step protocol. All expression levels are presented relative to the expression at pH 7.0. Error bars represent the SEM (n ϭ 3). (52) . Of the 44 genes in the Fnr regulon, 74% were found to be pH dependent. Fnr controls four groups of differentially expressed genes (52), of which genes in groups 1, 2, and 3 were found to be strongly pH dependent (see Table  S1F in the supplemental material). With the exception of the alsSD operon and ywcJ, virtually all of the genes under Fnr regulation were induced by base. The flagellar motility and chemotaxis regulon, including the fla-che operon and flg and fli genes, is under the control of the DegS-DegU two-component regulator, which induces motility in early starvation phase (3). We found most of the motility genes to be upregulated significantly at pH 9 (see Table S1A in the supplemental material).
DISCUSSION
Growth and survival. In log-phase cultures of B. subtilis, a shift in pH from pH 7.5 to pH 8.8 caused a prolonged lag in growth, consistent with a previous report of base shock (69). We observed little or no growth lag after an acid shift of comparable magnitude (Fig. 1) . Thus, for the most part, genes expressed at high external pH allow the ability to grow as well at low pH. The lag period after a base shift, however, suggests that a greater number of genes upregulated at high pH are essential for growth than those upregulated at low pH. In fact, a greater number of genes was found to be upregulated by a base compared to that with an acid.
Near either end of the pH range, growth may induce com- subtilis. In addition, we observed a comparable response of base adaptation. We expected growth in a mild acid or base to upregulate genes needed for extreme-pH survival. Catabolism and respiration. Our array analysis showed pHdependent expression of numerous components of catabolism and respiration that could be consuming acids at low pH or generating acids at high pH (Table 3 ). The NAD(P)-dependent dehydrogenases upregulated by acid could increase the transfer of electrons through the electron transport chain, pumping protons out of the cell to help maintain internal pH homeostasis. Certain decarboxylases such as ilvH (acetolactate decarboxylase) may also contribute by consuming acids in conjunction with CO 2 export. Previously, oxalate decarboxylase (oxdC) was found to be upregulated by acids (43, 63) . Our arrays show that oxdC is upregulated by acids relative to that at pH 7 but also show high-pH upregulation compared to that at pH 7 (see Table S1A in the supplemental material).
The overall acetoin biosynthesis pathway (alsSD) was strongly upregulated at low pH. The alsSD pathway is induced by acetate (55) , whose accumulation acidifies the growth medium. Acetoin production may in fact be triggered by low pH, independent of the presence of acetate.
Arginine catabolism (roc) is upregulated in the alkalinesensitive B. subtilis strain JC112 (⌬ tetL) (68) , and in our array analysis, roc was strongly upregulated at high pH. The conversion of arginine to glutamate with the export of ammonia, facilitated by arginine permeases (rocC and rocE), provides a means to acidify the cytoplasm. Thus, arginine uptake and breakdown to acids could help counteract base stress (68) . The increase of arginine catabolism at high pH differs from the acid upregulation of arginine catabolism in other species, such as the arc operon of Streptococcus spp. (42) and the adi arginine decarboxylase of E. coli (57) . Both the arc and adi pathways, however, produce ornithine rather than acids; thus, they generate alkaline products within the cytoplasm, which would counteract acidity.
In B. subtilis, several cytochrome oxidase complexes were upregulated at higher pHs. The most strongly base-dependent complex (over 16-fold upregulation at pH 9 compared to that at pH 6) was cyd, which minimizes proton export. For a comparison, E. coli minimizes proton export at high external pH by upregulating the terminal cytochrome bd oxidase cyd (44) , which exports half as many protons per electron as does the downregulated cyo oxidase (18) . In B. subtilis, base also upregulated both ctaACE and qcrC oxidases, which translocate additional protons across the cytoplasmic membrane. However, the upregulation of these pumps was only about twofold, compared to 16-fold for cyd. Thus, B. subtilis did show substantial preference for cyd over the proton-pumping oxidase complexes at high pHs.
The ATP synthase operon (atp) as a whole was upregulated about twofold at pH 9 compared to that at pH 6. This finding is consistent with the acid upregulation (or base downregulation) of ATP synthase observed in other respiratory bacteria (see Tables S1G and H in the supplemental material), including E. coli (44) , Mycobacterium tuberculosis (29) , Staphylococcus aureus (8) , and Desulfovibrio vulgaris (61) . The increased ATP synthase production has been proposed to compensate for the decreased proton motive force at high external pH, where the ⌬pH is inverted (44) .
Metals and oxidative stress. The acidification of the external environment increases the solubility of metals, which allows the metals to be transported into the cytoplasm where they may accumulate to toxic levels. For example, excess metals can inhibit transport systems and can disrupt cellular membrane integrity (49) . In order to resist metal toxicity, bacteria efflux the toxic metal out of the cell (21) . We found that two such metal transport systems, cadA and czcDO, were highly upregulated under acidic conditions (Table 1 ). Both systems transport metals out of the cytoplasm, although cadA is a cpx-type ATPase, whereas czc acts as a K ϩ /metal antiporter. The upregulation of czcDO at low pH may have other benefits independent of metal efflux. In acidophiles, K ϩ plays a role in pH homeostasis by producing an inside-positive electrochemical potential, which would inhibit the influx of protons using a chemiosmotic barrier against the proton gradient (4). K ϩ transporters are also upregulated by acid in E. coli (36) . Several of the genes we found upregulated at low pH, such as katA and namA, are known to respond to oxidative stress (23, 25) . A similar overlap between low pH and oxidative stress is found in E. coli (44) . Low pH may increase the production rates of reactive oxygen species, such as those of the irondependent Fenton reaction (34, 66) .
Motility and chemotaxis. The flagellar motility and chemotaxis regulon fla-che, under the control of DegS-DegU (3), was upregulated at pH 9 (see Table S1A in the supplemental material). Enhancement of motility at high pH could be part of the DegU-dependent motility peak during late-log-phase growth. The upregulation of motility genes at high pH is not seen in other gram-positive bacteria (see Table S1G in the supplemental material) and contrasts with the low-pH enhancement of motility in E. coli (44) .
Comparison with other species. Now that pH-dependent transcriptomes have been compiled for various bacteria, both gram negative and gram positive, some broader comparisons may be made. We tabulated shared orthologs from our study of B. subtilis with pH-dependent transcriptomes reported for E. coli (44) (see Table S1A in the supplemental material), acid stress studies of M. tuberculosis (29) , S. aureus (8) , and Agrobacterium tumefaciens (76) (see Table S1G in the supplemental material), and base stress studies of Desulfovibrio vulgaris (61) and Shewanella oneidensis (40) (see Table S1H in the supplemental material). The most widespread feature shared by B. subtilis with four other species was the increased expression of ATP synthase with increasing pH. Thus, the upregulation of ATP synthase appears to be a widespread adaptation of neutralophiles to growth at higher pH, where the proton motive force may be low. Another recurring preference at higher pH appears to be the non-proton-pumping cytochrome bd oxidase, seen in B. subtilis, E. coli, and A. tumefaciens.
In comparison with that in E. coli (44) , catabolism and proton transport in both species are regulated so as to minimize acid production at low pH or maximize acid production at high pH, but the specific components differ between the two species. At low pH, E. coli expresses several amine-generating amino acid decarboxylases (gad, cad, and adi). In B. subtilis, acids upregulated fewer decarboxylases but a greater number of dehydrogenases than in E. coli. At high pH, E. coli expresses deaminases for tryptophan (tna) and serine (sda), which generate fermentation acids. In B. subtilis, sda was upregulated, but the strongest response was the roc operon for arginine catabolism at high pH.
With S. aureus (8) , B. subtilis shared acid upregulation of several metabolic enzymes and oxidative stress proteins, such as isocitrate dehydrogenase (icd), and catalase (katA). With S. oneidensis (40) , B. subtilis shared base upregulation of cysteine synthase A (cysK) and superoxide dismutase (sodA). Overall, our study of the pH-dependent transcriptome in B. subtilis adds a dimension to the growing picture of pH response in bacteria.
